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Research Center and Center for Heart Failure Research, University of Oslo, Oslo, NorwayABSTRACT Recent work has demonstrated that cardiomyocyte Ca2þrelease is desynchronized in several pathological con-
ditions. Loss of Ca2þ release synchrony has been attributed to t-tubule disruption, but it is unknown if other factors also
contribute. We investigated this issue in normal and failing myocytes by integrating experimental data with a mathematical model
describing spatiotemporal dynamics of Ca2þ in the cytosol and sarcoplasmic reticulum (SR). Heart failure development in post-
infarction mice was associated with progressive t-tubule disorganization, as quantified by fast-Fourier transforms. Data from
fast-Fourier transforms were then incorporated in the model as a dyadic organization index, reflecting the proportion of ryano-
dine receptors located in dyads. With decreasing dyadic-organization index, the model predicted greater dyssynchrony of Ca2þ
release, which exceeded that observed in experimental line-scan images. Model and experiment were reconciled by reducing
the threshold for Ca2þ release in the model, suggesting that increased RyR sensitivity partially offsets the desynchronizing
effects of t-tubule disruption in heart failure. Reducing the magnitude of SR Ca2þ content and release, whether experimentally
by thapsigargin treatment, or in the model, desynchronized the Ca2þ transient. However, in cardiomyocytes isolated from
SERCA2 knockout mice, RyR sensitization offset such effects. A similar interplay between RyR sensitivity and SR content
was observed during treatment of myocytes with low-dose caffeine. Initial synchronization of Ca2þ release during caffeine
was reversed as SR content declined due to enhanced RyR leak. Thus, synchrony of cardiomyocyte Ca2þ release is not
only determined by t-tubule organization but also by the interplay between RyR sensitivity and SR Ca2þ content.INTRODUCTIONContraction in cardiac myocytes is elicited by a transient in-
crease in intracellular [Ca2þ]. This rise in Ca2þ levels results
from Ca2þ influx through sarcolemmal Ca2þ channels,
which in turn triggers release of a much larger amount of
Ca2þ from the sarcoplasmic reticulum (SR) via clusters of
ryanodine receptors (RyRs). This process of Ca2þ-induced
Ca2þ release (CICR) occurs at units called dyads where
the membranes of the t-tubule network and SR are closely
apposed across a narrow 12-nm cleft (1,2). A dense and
well-organized distribution of dyads ensures that CICR
occurs synchronously across the cardiomyocyte during the
action potential (3,4).
Nonuniform or dyssynchronous cardiomyocyte Ca2þ
release has been reported in a number of pathophysiological
conditions including heart failure (5–10), atrial fibrillation
(11), and diabetic cardiomyopathy (12,13). Such desynchro-
nization reduces the magnitude and kinetics of the Ca2þ
transient, and compromises the power of contraction (14–
16). Thus, it is critical that the mechanisms controlling
Ca2þ release synchrony in normal and diseased cardiomyo-
cytes are unraveled. A number of groups have attributed
dyssynchronous Ca2þ handling in disease to loss and/orSubmitted September 17, 2012, and accepted for publication March 13,
2013.
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0006-3495/13/04/1685/13 $2.00disorganization of t-tubules (for review, see Louch et al.
(4)). While t-tubule structure is disrupted, RyR distribution
remains intact, leading to the formation of orphaned RyRs
(6,8) that are no longer apposed from sarcolemmal Ca2þ
channels. CICR at these sites is delayed because it is depen-
dent on diffusion of Ca2þreleased from intact dyads (6–8).
However, the relationship between t-tubule organization
and Ca2þ release synchrony has not been quantitatively
examined, and it is not known if dyssynchronous Ca2þ
release in disease also results from altered activity of
Ca2þ handling proteins. In this study, we investigate this
issue by integrating experimental data with a, to our knowl-
edge, newly developed mathematical model describing the
spatiotemporal dynamics of Ca2þ in the cytosol and SR.
We show that Ca2þ release is desynchronized by t-tubule
disorganization and reductions in SR Ca2þ content and
release, but that such effects are partly offset when RyR-
Ca2þsensitivity is increased.MATERIALS AND METHODS
Experimental data collection and analysis
Animal care and cardiomyocyte isolation
All studies were performed with approval from a local ethics committee in
accordance with the standards of the Norwegian Animal Welfare Act and
the Declaration of Helsinki. Mice were housed at 55% humidity on a
12 h light/dark cycle, with food pellets (RM1, 801151; Scanbur BK, Nitte-
dal, Norway) and water freely available. In some experiments, a mousehttp://dx.doi.org/10.1016/j.bpj.2013.03.022
1686 Øyehaug et al.model of congestive heart failure (CHF) after myocardial infarction
(7,15,17,18) was employed. Briefly, infarctions were induced in anesthe-
tized (2% isoflurane) 8–10-week-old female C57BL/6 mice, and mice
that had developed CHF at one week after surgery were selected based
on previously reported criteria (increased left atrial diameter, infarct size
>40% of the total left ventricular circumference (17)). Animals selected
by these criteria exhibit symptoms of CHF including congestion and
markedly reduced global cardiac function (15,17,18). CHF was allowed
to progress to 3 weeks or 10 weeks postinfarction when animals were
sacrificed. Age-matched sham-operated (SHAM) control mice underwent
the same procedures as the infarction group without coronary artery
ligation. For CHF hearts, cardiomyocytes were only isolated from the
noninfarcted septum, taking care to exclude the border zone (7). Septal
myocytes from SHAM hearts served as controls in these experiments.
A total of 12 SHAM animals and 11 CHF animals were included in
the study.
The effects of a reduction in expression of the SR Ca2þATPase (SERCA)
were studied in SERCA2 knockout mice (Serca2flox/floxTg(aMHC-
MerCreMer), KO) (19,20). Conditional, cardiomyocyte-specific gene
excision was accomplished by injection of 1.0 mg tamoxifen base
(Sigma-Aldrich, Oslo, Norway) intraperitoneally in 8–10-week-old animals
(21). Age- and treatment-matched SERCA2flox/flox mice (FF) served as
controls. At six days or four weeks after tamoxifen injection, FF and KO
animals were sacrificed and cardiomyocytes isolated from the entire left
ventricle (nanimals ¼ 7, 7 in FF, KO).
In other experiments, myocytes were isolated from the entire left
ventricle of normal, 8–10-week-old C57BL/6 mice (nanimals ¼ 4).
Experimental protocols and imaging
For examination of Ca2þ transients, isolated myocytes were incubated with
20 mM fluo-4 AM (Invitrogen Molecular Probes, Eugene, OR) for 15 min,
and adhered to laminin-coated coverslips mounted in a perfusion chamber.
Cells were then superperfused with a HEPES Tyrode solution (containing
140 mM NaCl, 1.0 mM CaCl2, 0.5 mM MgCl2, 5.0 mM HEPES, 5.5 mM
glucose, 0.4 mM NaH2PO4, 5.4 mM KCl, pH 7.4) and field-stimulated
through platinum wires with a 3-ms biphasic pulse 50% above threshold
voltage. Ca2þ transients were imaged with an LSM 510 confocal scanning
system (Carl Zeiss, Jena, Germany) in line-scan mode, as described in
Louch et al. (7). Briefly, a 512-pixel scan line was drawn longitudinally
across each cell, avoiding nuclei, with a spatial resolution of 0.23–0.45
mm/pixel. Line scans were recorded every 1.5 ms, with fluo-4 excited at
488 nm and emission intensity measured at 510 nm. Sequential line scans
were stacked to create two-dimensional figures with time in the x axis.
In some experiments, SR Ca2þ content was estimated by rapidly super-
fusing cells with a solution containing 10 mM caffeine and measuring the
magnitude of the elicited Ca2þ transient. A low dose (1 mM) of caffeine
was employed to test the effects of increasing RyR Ca2þ sensitivity. Partial
inhibition of the SR Ca2þ ATPase (SERCA) was attained by treating cells
with 1 mM thapsigargin for 1 min. T-tubules were visualized in xy scans
(0.028–0.073 mm/pixel) by incubating cells with di-8-ANEPPS (10 mM; In-
vitrogen Molecular Probes) for 10 min followed by 5 min of washout (7).
Data analysis
Ca2þ transients were analyzed using the softwares IMAGEJ (National Insti-
tutes of Health, Bethesda, MD), MATLAB (The MathWorks, Natick, MA),
and SIGMAPLOT (Systat Software, Point Richmond, CA). For each Ca2þ
transient, the resting fluorescence across the cell (F0) was calculated for in-
dividual pixel positions by averaging 20 consecutive line scans before the
stimulus. The Ca2þ transient was then divided by this F0 line to create F/
F0 images. The synchrony of Ca
2þ release was calculated by thresholding
the F/F0 image to the half-maximal fluorescence (F50) of the entire Ca
2þ
transient (7). The time to reach F50 was calculated for each pixel position
across the cell, and the standard deviation of these values defined as the dys-
synchrony index (DI) (7). Thus, more dyssynchronous Ca2þ release results
in more variable time required to reach F50 across the cell, and a larger DI.Biophysical Journal 104(8) 1685–1697Confocal images of t-tubules were deconvolved using Huygens
ESSENTIAL software (SVI, Maastricht, The Netherlands) to attenuate
out-of-plane fluorescence. T-tubule organization was quantified by
computing the magnitude of the fast-Fourier transformation (FFT) using
the FFT tool in MATLAB (The MathWorks) (22). The mean power spec-
trum was plotted as a function of spatial frequency in the longitudinal
direction of the cell.
Statistical comparisons between groups were made by two-tailed paired
or unpaired t-tests using the software SIGMAPLOT (Systat Software). Sta-
tistically significant difference was accepted when P < 0.05. Mean data are
presented mean5 SE.Mathematical model
Dyssynchrony of Ca2þ release is thought to result from Ca2þ being initially
triggered at intact dyads, followed by delayed triggering at orphaned RyRs.
Therefore, inspired by Thul et al. (23,24), we developed a fire-diffuse-fire
model that describes Ca2þ temporal dynamics and spatial distribution
within the cytosol and SR of the cardiomyocyte. The model is linear and
can, in principle, be solved analytically. Thus the simulations, which
were performed in MATLAB, can be run with a high number of release sites
at very low computational cost.
Model formulation
The model describes the Ca2þsignal, i.e., the deviation of [Ca2þ]i from its
resting state, across the cytosol and the SR. Transfer of Ca2þfrom the SR
to the cytosol occurs via clusters of RyRs that are localized at discrete sites
in the SR membrane (dyads), and Ca2þ transfer in the opposite direction is
mediated by SERCA pumps that are assumed to be uniformly distributed in
the SR membrane. Ca2þ is assumed to diffuse freely in the SR and cytosol
with diffusion coefficients Ds and Dc, respectively. Letting c and s represent
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for x ¼ (x, y) ˛ U 3 R2 and t > 0 with appropriate boundary and initial
conditions. Here, the subscript t denotes differentiation by time, D denotes
the two-dimensional diffusion operator, g is the ratio between the SR
and the cytosolic volumes, Jrel is the rate of release of Ca
2þ from the SR
into the cytosol mediated by clusters of RyRs, and Jpump is the sum of
the rate of uptake of Ca2þ from the cytosol into the SR mediated by SERCA
pumps and the leak rate in the opposite direction, specified below.
For practical implementation of Eq. 1, we assume a two-dimensional
geometry that, for mathematical convenience, has infinite extension.
Thus, the cell is without boundaries and defined by the distribution of the
dyads that are located in a lattice with fixed transversal interdyadic distance
Dx and longitudinal interdyadic distance Dy. Instead of explicitly modeling
the L-type Ca2þ channel-mediated Ca2þ flux and the subsequent diffusion
of Ca2þ across the dyadic cleft, we initially modeled only dyadic Ca2þ
release. T-tubule network disorganization and the presence of orphaned
RyRs was accounted for by assuming that only a subset of dyads is trig-
gered initially, a proportion which will be referred to as the dyadic organi-
zation index (DOI). To examine how synchrony of Ca2þ release relates to
the DOI, simulations were performed for a varying proportion of orphaned
RyRs. The time to triggering in orphaned RyRs was computed as follows:
the first orphaned RyR to be triggered was determined, and the solution to
Eq. 1 at the time of triggering calculated. Based on the new composition of
RyRs, the next orphaned RyR to be triggered was determined, and so on
(more details on the simulation algorithm are given in the Supporting
Material). The time to RyR triggering was determined as illustrated in
Fig. S1 in the Supporting Material.
Control of Cardiomyocyte Ca2þ Release Synchrony 1687We consider Eq. 1 with homogeneous initial states. The dyads, indexed
by n and located in x¼ xn, are assumed to be of negligible spatial extension,
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where Nd is the total number of dyads, d is the Dirac delta function, and tn is
the time of triggering. The value tn is zero for those dyads that are initially
triggered, and defined as the time at which c*, the cytosolic [Ca2þ], exceeds
the threshold cth at the dyad with index n. The function f defines the shape of
Ca2þ release, which has duration Dt and integral 1 (but dimension s1).
In the simulations, f(t) is set equal to 1/Dt when 0 % t % Dt and to zero
for t > Dt, where Dt ¼ 12 ms. The rate of release is assumed proportional
to the difference between the SR (s*) and cytosolic [Ca2þ] with proportion-
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where b ¼ b*(s0 – c0), the quantity of release during one release event
(slightly modulated by the term within brackets in Eq. 2), is proportional
to the difference between steady-state SR and cytosolic [Ca2þ] s0 and c0.
The value used, b ¼ 1 mM, is qualified and interpreted into a biological
setting in the Supporting Material.
Following Thul et al. (23,25), the SERCA pump current is described as
Jpumpðc; sÞ ¼ c0 þ c
t
 s0 þ s
s
;
which may be seen as a linear approximation to the real pump flux, and cor-
responds to the rising phase of the Michaelis-Menten equation (e.g., Swie-
tach et al. (26)). The term (c0þ c)/t accounts for the pump-mediated uptake
and the term (s0þ s)/s corresponds to the leak. Thus, in quiescent cells that
are in a steady state, c0/t ¼ s0/s.
Theoretical results
Because an analytical solution of the model is at hand, expressed as a sum
of Green’s functions, where each function corresponds to release from a
RyR cluster, the only action required to find the time-dependent cytosolic
and SR [Ca2þ] is to determine the times tn of release from dyad n. This
calculation must be done sequentially, i.e., the next RyR cluster to be trig-
gered must be determined, and the resulting time to release tn put into the
solution. Derivation of the solution formula, a description of the solution
algorithm, and derivations of expressions for the Ca2þ transient and the dys-
synchrony index (DI) are given in the Supporting Material.RESULTS
Model characterization
In preliminary simulations, we examined the relationship
between t-tubule organization and Ca2þ release synchrony
across the modeled cell. In agreement with observations
from diseased cardiomyocytes ((6,8,11); compare to Sachse
et al. (27)), RyR distribution was initially held constant withRyR clusters evenly separated by 1.8 mm in the longitudinal
(x) direction and 1.2 mm in the transverse (y) direction. Ca2þ
release synchrony was assumed to only be dependent on the
proportion of RyRs located in dyads, i.e., the DOI. Thus,
with decreasing DOI values a greater proportion of RyRs
are orphaned, without apposing sarcolemmal Ca2þ channels
(Fig. 1 A). We incorporated the DOI into the initial state of
the model by assuming that a random selection of [DOI 
Nd] dyads are triggered at t ¼ 0 (where [.] denotes round-
ing to the nearest integer and Nd is the number of dyads).
Following the simulation algorithm described in the Sup-
porting Material and setting Nd ¼ 50  10, the time to
release for each dyad and Ca2þ concentrations across the
cell for 0 % t % 1 s were subsequently computed.
Using the parameter values listed in Table 1, simulations
were performed for a wide range of values of DOI. For
DOI ¼ 0.9 and DOI ¼ 0.5, Fig. 1 B depicts the Ca2þ distri-
bution within the cytosol at times 10, 25, and 40 ms after
first triggering. With a greater proportion of orphaned
RyRs, more delayed Ca2þ release regions were observed
and the Ca2þ transient was more dyssynchronous. This point
is illustrated in Fig. 1 C, where the DI is plotted as a function
of the DOI. This figure also shows that the semianalytical
estimate of the DI approximates the simulation results
well for DOIR0:4, but, due to artifacts introduced in the
estimation method, the estimate goes to zero for small
values of the DOI, which is clearly erroneous.
In addition to the presence of orphaned RyRs, t-tubule
network distortion might also result in widening of the
dyadic cleft. When the width of the dyadic cleft is too large,
Ca2þ influx via LCCs may not be sufficient to trigger
apposing RyRs. Instead, Ca2þ release at orphaned RyRs
would be dependent on diffusion of Ca2þ after release
from intact dyads. To investigate the effect of dyadic cleft
widening, a simulation setup was used (Fig. S2 A) in which
Ca2þ inflow occurred at a random distance from each dyad.
Simulations show that when the mean dyadic width in-
creases beyond ~50 nm, the DI increases abruptly from
<1 ms to roughly 4 ms (Fig. S2 B).
Using the semianalytical expression for the DI, we per-
formed a series of sensitivity analyses to determine the
extent to which various parameters affect release synchrony.
To begin, the longitudinal spacing of RyRs (Dy) was varied,
as recent data indicate that the spacing of RyR clusters is
quite variable along z lines (27). When Dy was reduced,
Ca2þ release became more synchronous (see Fig. S3).
Similar results were observed when the transverse spacing
of RyRs (Dx) was reduced. Interestingly, when Dy was
reduced and Dx increased, at values of DOI near 1, dyssyn-
chrony was smaller than control, whereas for smaller values
of DOI, the opposite was the case. We also performed sensi-
tivity analyses for the release quantity b, the cytosolic diffu-
sion coefficient Dc, the relative SERCA uptake rate t, and
the triggering threshold cth (see Fig. S5), and observed mod-
erate effects of perturbing these parameters.Biophysical Journal 104(8) 1685–1697
FIGURE 1 Spatiotemporal Ca2þ release pat-
terns and dependence on dyadic organization. (A)
Illustrations showing a cell with uniform t-tubule
distribution and high dyadic organization index
(DOI, left), and a cell missing t-tubules with a
lower DOI and orphaned RyRs (right). (B) Distri-
bution of the Ca2þ signal (scale in mM indicated
by color bar) in a cell of width 12 mm and length
90 mm, with DOI¼ 0.9 (left) and DOI¼ 0.5 (right)
(i.e., 90% and 50% of the dyads are open initially,
respectively) at time points 10, 25, and 40 ms after
initial triggering. (C) Dyssynchrony index (DI) as
function of DOI computed from model simulations
(solid circles) compared to the semianalytical esti-
mate of the DI (solid line).
1688 Øyehaug et al.Parameterization of the model by
experimental data
Having established the theoretical relationship between
t-tubule organization and Ca2þ release synchrony, we next
examined this issue using cardiomyocyte data from a mouse
model of CHF after myocardial infarction. An early CHF
time point (3-week CHF) and a chronic time pointTABLE 1 Model parameters with corresponding values
Parameter Value Description
Dc 15 mm
2 s1 Ca2þ diffusion coefficient in the cytosol
Ds 7.5 mm
2 s1 Ca2þdiffusion coefficient in the SR
b 1 mM Quantity of RyR Ca2þ flux
g 0.05 Ratio between SR and cytosolic volume
t 0.3 s Time constant of SERCA reuptake
s 450 s Time constant of SR leak
cth 0.2 mM RyR triggering threshold
c0 0.1 mM Resting cytosolic [Ca
2þ]
s0 1000 mM Resting SR [Ca
2þ]
Dt 0.012 s Duration of Ca2þ release
Dx 1.8 mm Transversal interdyadic distance
Dy 1.2 mm Longitudinal interdyadic distance
Biophysical Journal 104(8) 1685–1697(10-week CHF) were compared with sham-operated
controls (3-week SHAM, 10-week SHAM). Di-8-ANEPPS
images of SHAM cardiomyocytes exhibited well-organized
t-tubules, with predominantly transverse orientation (Fig. 2
A). In agreement with our previous observations (7), moder-
ate disruption of t-tubular structure was apparent in 3-week
CHF as the transverse pattern was less pronounced and a
greater proportion of tubules appeared in the longitudinal
direction. More dramatic t-tubule disruption was observed
in images of 10-week CHF cells. Quantification of t-tubule
organization by fast-Fourier transformations (FFTs) con-
firmed these findings (Fig. 2 B). SHAM and CHF exhibited
similar power of the first peak (zero-order component), indi-
cating no change in overall t-tubule density. Power of the
remaining peaks, which indicates the spatial uniformity of
transverse elements, was significantly reduced from
SHAM values in 3-week CHF, and further reduced in
10-week CHF. Both CHF time points exhibited greater
between-peak power, indicative of a larger fraction of longi-
tudinally oriented tubules.
Based on data from previous reports (6,8,11), we assumed
that RyR organization is maintained in failing cells and that
FIGURE 2 Quantification of t-tubule disruption
during CHF progression. (A) Representative
confocal images of t-tubules stained with di-8-
ANEPPS in cells from 10-week SHAM, 3-week
CHF, and 10-week CHF (left panels, whole cell;
right panels, magnification of indicated area). (B)
Fourier power spectra (plotted as mean values indi-
cated less organized t-tubule structure in 3-week
CHF than SHAM, and more dramatic t-tubule
disruption in 10-week CHF. (C) To estimate DOI
for inclusion in the mathematical model, experi-
mental power spectra were empirically reproduced
by calculating spectra for a periodic sequence of
bars (Dx ¼ 1.8 mm and length N) with a share of
(1 – DOI)N bars excluded. (D) DOI estimated by
fitting to empirical Ca2þ transients, and, in the
case of the CHF, FFTs of t-tubule images. (ncells:
3-week SHAM ¼ 10; 3-week CHF ¼ 10; 10-week
SHAM ¼ 10; 10-week CHF ¼ 10.)
Control of Cardiomyocyte Ca2þ Release Synchrony 1689the formation of orphaned RyRs results only from t-tubule
displacement. To incorporate experimentally observed
alterations in t-tubule organization into the mathematicalmodel, we examined the relationship between the Fourier
power spectrum and DOI. It was assumed that with perfect
organization (DOI ¼ 1), the one-dimensional cross sectionBiophysical Journal 104(8) 1685–1697
1690 Øyehaug et al.of the t-tubule network geometry can be described by a
periodic sequence of bars. The pattern in a cell that corre-
sponds to a value of DOI < 1 is generated by randomly
omitting some bars and retaining a share equal to DOI.
The omitted bars correspond to the share of t-tubules that
are misplaced and RyR clusters that are orphaned (i.e.,
1–DOI). By computing the empirically based Fourier power
spectrum and averaging over a large number of such
patterns to reduce artifacts introduced by noise, we esti-
mated the values of DOI that best fit FFT data from
SHAM and CHF (Fig. 2 C). A mathematical derivation
shows that the magnitude of the first peak of the expected
power spectrum of this pattern is roughly proportional to
DOI2 (see the Supporting Material). In principle, it should
therefore be possible to estimate the dyadic organization
solely based on the power spectrum.
However, because our assumption on the structure of dis-
torted t-tubule networks is an oversimplification, we use a
combination of the power spectrum and fitting the model-
derived Ca2þ transient to estimate the DOI (described in
the Supporting Material and Fig. S5 A, goodness-of-fit is
demonstrated in Fig. S6). Using this protocol, we estimated
the DOI in 3-week and 10-week SHAM to be 0.846 and
0.882, respectively (Fig. 2 D). Based on these values and
Fourier power spectra calculated from t-tubule images
(Fig. 2 B), the DOI was estimated to be 0.608 and 0.473
in 3-week and 10-week CHFs, respectively (Fig. 2 D). Cor-
responding bar images for both time points in SHAM and
CHF (Fig. 2 C) were employed to reconstruct Fourier power
spectra (Fig. 2 C), which closely resembled experimental
spectra.
The effect of t-tubule disorganization during CHF on
Ca2þ release synchrony was examined in both experiments
and the mathematical model. Representative line-scan im-
ages (Fig. 3 A) show more dyssynchronous Ca2þ release
in 3-week CHF than 3-week SHAM. With more marked
t-tubule disorganization as CHF progressed to 10 weeks,
even greater dyssynchrony was observed relative to
SHAM. Quantification of Ca2þ release dyssynchrony by
calculation of the DI confirmed these observations (Fig. 3
E). As expected, more dyssynchronous Ca2þ release in
CHF resulted in a slowed rising phase of the spatially aver-
aged Ca2þ transient (Fig. 3 D). Using DOI values estimated
above, two-dimensional line-scan images produced by the
mathematical model (Fig. 3 B) also predicted a progressive
reduction in Ca2þ release synchrony during CHF. Interest-
ingly, when these simulations were run using parameter
values estimated with fixed RyR triggering threshold, the
predicted dyssynchrony in CHF was overestimated in
comparison with experimental observations (uncorrected
simulations in Fig. 3 E). DI values were more accurately
predicted when experimental Ca2þ transients were fitted
(corrected simulations in Fig. 3 E) in CHF to estimate
RyR triggering threshold (as described in the Supporting
Material and Fig. S6 B).Biophysical Journal 104(8) 1685–1697Lower RyR triggering threshold in CHF (0.153 mM and
0.122 mM in 3-week and 10-week CHF, respectively,
compared to 0.2 mM in SHAM) tended to synchronize
Ca2þ release as orphaned RyRs responded more rapidly to
diffusing Ca2þ. Modeled DI values were also reconciled
with experimental values by including the magnitude of
Ca2þ release in the simulation. This was implemented in
the model by multiplying the Ca2þ release rate b by the
F/F0 values relative to F/F0 values in 3-week SHAM (values
used were 1, 0.69, 1.69, and 1.54 for 3-week SHAM,
10-week SHAM, 3-week CHF, and 10-week CHF, respec-
tively). Larger Ca2þ transients observed in CHF, which we
have previously shown result from action potential prolon-
gation in this mouse model (4), promoted more syn-
chronous Ca2þ release. Thus, the combined effect of
increased RyR Ca2þ sensitivity and larger magnitude
Ca2þ release in CHF tended to offset the desynchronizing
effects of t-tubule disorganization (see line-scan images in
Fig. 3 C, mean data in Fig. 3 E, unnormalized Ca2þ line-
scan images in Fig. S7, and unnormalized spatially averaged
transients in Fig. S8).Effects of altered SR content on Ca2D release
synchrony
We further examined the effects of altering SR Ca2þ con-
tent, and thus Ca2þ release magnitude, on synchrony
(Fig. 4). Partial SERCA blockade by treatment of cardio-
myocytes with thapsigargin (1 min, 1 mM) reduced
SR Ca2þ content by 32% (F/F0 of caffeine transient ¼
2.51 5 0.27 in control, 2.04 5 0.21 in thapsigargin, P <
0.05) and the magnitude of the Ca2þ transient by 23%
(Fig. 4 B). As expected based on our above analyses,
reducing the magnitude of Ca2þ release desynchronized
the Ca2þ transient (Fig. 4 C).
Different observations were made in myocytes isolated
from SERCA2 KO hearts. At six days after KO, SERCA
activity is reduced by ~40%, and SR Ca2þ content and
release are decreased to 75% and 81% of FF values, respec-
tively (28). Although our above results from thapsigargin
experiments would have predicted reduced Ca2þ release
synchrony in KO cells, experimental line scans (Fig. 5 A)
and mean data (Fig. 5 B) in fact showed that Ca2þ release
tended to be more synchronous in 6-day KO than control.
Importantly, however, we have previously reported
increased RyR Ca2þ sensitivity (reduced threshold for
Ca2þ release) at this time point of KO (21). We modeled
these changes by setting the organizational index to 0.9
(based on the estimates obtained above), and performing
simulations for the FF values (using the default parameter
set) and for the 6-day SERCA KO, where SERCA rate
was reduced by 40% (28). Without altering RyR sensitivity
in the simulation, the model overestimated the DI compared
to the experimental value (compare white and light-gray
bars in Fig. 5 B). Assuming that the reduction in SERCA
FIGURE 3 RyR sensitization partly offsets the desynchronizing effects of t-tubule disorganization in CHF. (A) Experimental confocal line-scan images
show progressive desynchronization of Ca2þ release in CHF compared to SHAM (fluorescence normalized to the range [0,1] for clarity of presentation;
see Fig. S5 in the Supporting Material for unnormalized images). (B and C) Smoothed line-scan images obtained in simulation using DOI values obtained
from, in the case of SHAM, fitting to empirical Ca2þ transients, and, in the case of the CHF, FFTs of t-tubule images. Images in panel B were generated using
default parameter values. Images in panel C were obtained after inclusion of experimental F/F0 values and adjustment of RyR triggering threshold based on
fits of Ca2þ transients. (D) Kinetics of the early phase of experimental Ca2þ transients demonstrate progressive slowing of Ca2þ release in CHF (red)
compared to SHAM (blue) at the 3-week (left) and 10-week (right) time points. (E) DI estimated by simulation without correcting F/F0 values and RyR
triggering thresholds over estimated experimental DI values measured in CHF. Experiment and model were reconciled by reducing RyR trigger threshold
and correcting for the magnitude of Ca2þ release. (ncells: 3-week SHAM¼ 27; 3-week CHF ¼ 42; 10-week SHAM¼ 19; 10-week CHF¼ 20; * ¼ P < 0.05
versus time-matched SHAM.)
Control of Cardiomyocyte Ca2þ Release Synchrony 1691is accompanied by a 20% decrease in triggering threshold,
model and experiment were reconciled (compare white
and dark-gray bars in Fig. 5 B). The contour plot shown
in Fig. 5 C more fully shows the extent to which RyR trig-
gering threshold must be reduced to maintain a given DI at
lowered SERCA activity. These data indicate that DI is
highly sensitive to changes in RyR sensitivity, and support
our observations from experiments and modeling showing
interplay between RyR threshold and SR Ca2þ content/
release. Interestingly, it appears that reducing RyR threshold
has compensatory limits, as Ca2þ transients eventually
become desynchronized when SR Ca2þcontent and release
are more dramatically reduced at four weeks after SERCA
KO (Fig. 5, A and B). The increased RyR sensitivity in
SERCA KO suggested by our data may explain the observa-
tion that Ca2þ release in these cells is larger than expected
based on the marked reduction in SR Ca2þ content (19).Simultaneous effects of SR Ca2Dload and RyR
sensitivity—a low-dose caffeine experiment
In a final experiment we examined the interplay between
RyR Ca2þ sensitivity and SR Ca2þ content by applying
low dose (1 mM) caffeine. This causes increased open prob-
ability of RyRs (lowered RyR Ca2þ sensitivity), and thus
increased Ca2þ leak from the SR and efflux from the cell
(29). This would be expected to cause a gradual decrease
in the SR Ca2þ load during stimulation with a train of action
potentials. We observed that, immediately after caffeine
application, Ca2þ release was briefly augmented and syn-
chronized, followed by a decline in synchrony and ampli-
tude as SR content was reduced (Fig. 6, A–C, SR content
at steady state ¼ 31% of control).
To mimic the low-dose caffeine experiment by
modeling, we followed the simulation protocol detailed
in the Supporting Material. By tuning parameter valuesBiophysical Journal 104(8) 1685–1697
FIGURE 4 SERCA inhibition reduces Ca2þ
release synchrony. (A) Representative confocal
line scans obtained from a control cell and a cell
treated with thapsigargin (color-bar scale is
F/F0). Partial SERCA inhibition by thapsigargin
reduced both the magnitude (B) and synchrony
(C) of Ca2þ release. (ncells¼ 11; * ¼ P < 0.05
versus untreated control.)
1692 Øyehaug et al.appropriately (see caption to Fig. S9), simulation results
were manually fit to experimental data for the DI
(Fig. 6 C), assuming that the triggering threshold increases
as SR Ca2þ load is reduced. Interestingly, the fit is poor
when the triggering threshold is assumed to be indepen-
dent of [Ca2þ]SR (see Fig. S9). These data support the
notion that luminal SR Ca2þ is an important regulator
of RyR triggering threshold (30). Thus, on a beat-to-
beat basis, it is essential to consider that although RyR
sensitivity and the magnitude of SR Ca2þ content/release
control the synchrony, these parameters also influence
each other.DISCUSSION
Our integrated experimental and modeling results show that
synchrony of Ca2þ release is not only controlled by t-tubule
organization, as previously hypothesized by Louch et al. (4),
but also by RyR Ca2þ sensitivity and the magnitude of SR
Ca2þ content and release. We show that for a given magni-
tude Ca2þ transient, RyR sensitization synchronizes Ca2þ
release as RyRs respond more rapidly to triggering by
Ca2þ levels. Interestingly, such sensitization can offset the
desynchronizing effects of t-tubule disorganization in CHF
or reduced SERCA activity/SR Ca2þ content. However,
when RyR threshold, SR Ca2þ content, and/or Ca2þ tran-
sient magnitude are altered, the net effect on Ca2þ release
synchrony is complex due to the interdependence of these
parameters. Using mathematical modeling, these issues
can be simplified by examining parameters independently.Biophysical Journal 104(8) 1685–1697Regulation of Ca2D release synchrony
Previous examinations of the relationship between t-tubule
organization and Ca2þ release synchrony have been largely
correlative. By simultaneous imaging of t-tubules and Ca2þ,
several studies have demonstrated that delayed Ca2þ release
regions appear at gaps between t-tubules (3,7–10). In other
studies, t-tubule loss or disorganization has simply been
shown to coexist with greater release dyssynchrony
(11,13,31–33). Thus, to our knowledge, the quantitative
relationship between t-tubule organization and degree of
dyssynchrony has not been previously assessed. It was
accomplished in this study by defining a dyadic organization
index based on FFT data, and incorporating these values into
the mathematical model to predict dyssynchrony. We
observed marked and progressive disorganization of
t-tubule structure during CHF and, not surprisingly, more
dyssynchronous Ca2þ release. However, modeling showed
that the extent of these alterations was not parallel, as
Ca2þ release was more synchronous in CHF than expected
based on the degree of t-tubule disruption. By fitting the
model to Ca2þ transient kinetics, it was predicted that a
sensitized RyR could account for the discrepancy by allow-
ing orphaned RyRs to respond more quickly to Ca2þ
diffusing from intact dyads. Similar RyR sensitization was
predicted for 6-day SERCA KO myocytes, which is consis-
tent with our previous report that the threshold for RyR
opening is lowered in these cells due to CaMKII-dependent
RyR phosphorylation (21). Other mechanisms proposed to
sensitize the RyR in pathological conditions include redox
modification (34) and phosphorylation by PKA (35).
FIGURE 5 RyR sensitization maintains Ca2þ release synchrony at early stages after SERCA2 knockout. (A) Confocal line scans of cardiomyocytes from
FF (top panel) and conditional SERCA KO hearts six days (middle) and four weeks (bottom) after gene disruption (color-bar scale is F/F0). (B) Comparison
between experimentally measured DI values (white bars) and simulated DI values with (dark gray) and without (light gray) correction of RyR sensitization to
improve agreement between experiment and simulation. (C) Contour plot of the dyssynchrony index as a function of triggering threshold and SERCA pump
rate (relative to default values). (Red line) Points in parameter space at which the DI is equal to the control value. (ncells: 6-day FF ¼ 17; 6-day KO ¼ 30; 4-
week FF ¼ 16; 4-week KO ¼ 20; * ¼ P < 0.05 versus time-matched FF.)
Control of Cardiomyocyte Ca2þ Release Synchrony 1693Although most agree that RyRs are sensitized in heart
failure, it is unclear whether the behavior of orphaned
RyRs differs significantly from that of those located in
dyads. Spontaneous Ca2þ sparks have been reported to
occur less frequently at gaps between t-tubules (10,36),
suggesting that RyR sensitivity could be lower at these loca-
tions. On the other hand, sparks observed in cultured cells
that have lost t-tubules do not exhibit markedly altered
morphology, suggesting that the functional coupling of
RyRs in a dyad remains intact even in the absence of
Ca2þ channels (36). In some heart failure models, altered
RyR localization may occur. We (37) and others (6,8,11)
have observed normal RyR distribution in failing cells,
and it is for this reason that we have modeled dyadic integ-
rity based solely on t-tubular structure. However, Sachse
et al. (27) recently reported modest RyR disorganization
in dyssynchronous heart failure after bundle-branch
ablation, which would be expected to contribute to dyssyn-
chrony of Ca2þ release. Our ongoing work suggests that
some Ca2þ sparks exhibit slowed kinetics in failing cells,which may also contribute to nonuniformity of Ca2þ
release.
A, to our knowledge, novel finding in this study is that the
magnitude of the SR store and thus Ca2þ release is also an
important determinant of Ca2þ release synchrony. Reducing
SR content desynchronizes the Ca2þ transient because
1. a smaller magnitude Ca2þ release from an RyR cluster
less efficiently triggers nearby orphaned RyRs; and
2. because lower luminal SR Ca2þ reduces RyR sensitivity.
Thus, as illustrated by the low-dose caffeine experiments in
Fig. 6, there is a rather complex interplay between these
parameters. In the case of RyR sensitization, the initial syn-
chronizing effects can be offset by augmented Ca2þ leak and
a steady-state reduction in SR content, which simulta-
neously reduces the magnitude of Ca2þ release and reverses
the initial RyR sensitization. The net effect on Ca2þ release
synchrony will likely be determined by the amount that the
RyR threshold is lowered. In our artificial example, the dose
of caffeine employed (1 mM) quite substantially lowersBiophysical Journal 104(8) 1685–1697
FIGURE 6 Low-dose caffeine treatment has a biphasic effect on Ca2þ release magnitude and synchrony. (A) Representative confocal line scan image
showing F/F0 for the duration of the experiment (color-bar scale is F/F0). B1–B3: Expanded timescale for selected time points; before caffeine addition
(B1), shortly after caffeine addition (B2), and at steady state (B3). (C) Spatially averaged Ca2þ transients show that Ca2þ release was initially augmented
by 1 mM caffeine exposure but then declined. (D) Ca2þ release synchrony was also briefly increased upon caffeine treatment but reduced at steady state
(blue curve). This biphasic response was effectively modeled (red curve) by assuming that RyR triggering threshold is dependent on SR Ca2þ content. (ncells
¼ 12; * ¼ P < 0.05 versus untreated control.)
1694 Øyehaug et al.RyR threshold and SR Ca2þ content, and the magnitude of
release is reduced. Trafford et al. (29) have shown that,
with lower doses of caffeine (100–500 mM), there is a
more modest reduction in SR content at steady state and a
maintained magnitude of the Ca2þ transient. In this case,
less desynchronizing effects would be expected. Impor-
tantly, these chicken-or-the-egg issues of RyR sensitivity
and SR content are avoided in the mathematical model
because the RyR threshold and Ca2þ transient magnitude
are dealt with separately. The model results show that
RyR sensitization synchronizes Ca2þ release for a given
magnitude Ca2þ transient, assuming that steady state is
already achieved. When the magnitude becomes sufficientlyBiophysical Journal 104(8) 1685–1697small, RyR sensitization becomes unable to maintain
release synchrony, as illustrated at the late time point after
SERCA KO (Fig. 5).
In human heart failure and large animal heart failure
models, SR Ca2þ content and transient magnitude are
generally reported to be reduced (38), although this is not
necessarily the case in rodent models (7,15,16,39). This
discrepancy appears to be partly explained by SERCA
expression levels; SERCA loss is generally reported in large
animal models (38) but often does not occur in postinfarc-
tion rodent models (15). Species-dependent differences in
action potential configuration should also be considered.
In large mammals, action potential prolongation in heart
Control of Cardiomyocyte Ca2þ Release Synchrony 1695failure results in depression of total Ca2þ current (40),
whereas in rodents integrated ICaL is augmented (39).
Furthermore, cardiomyocytes from large species normally
contain a notch during early repolarization that synchro-
nizes Ca2þ channel opening (40). This notch is lost in
failing cells, further contributing to dyssynchrony of Ca2þ
release (41). Another important difference between rodent
and large animal heart failure models is that although ro-
dents generally exhibit t-tubule disorganization (6,7,22),
larger species are reported to show t-tubule loss
(8,9,32,42). Thus, if examined on a quantitative basis, it
would be expected that Ca2þ release is more markedly de-
synchronized during heart failure in large animals than in
rodents due to a combination of lowered SR Ca2þ content
and release, altered action potential configuration, and
more marked t-tubule disruption. However, in both cases
the dyssynchrony that occurs appears to be an important
component of the failing phenotype, as it reduces the rate
of Ca2þ rise during the transient, and thereby slows and
weakens contraction (14–16).
Our results show that Ca2þ release synchrony is regulated
by the ability of Ca2þ to spread to and trigger ryanodine
receptors that are orphaned from LCCs. Thus, we would
expect that mechanisms controlling synchrony are similar
to those controlling Ca2þ waves, because waves are also
not dependent on ICaL. In atrial cells, which generally
exhibit a very low t-tubule density, Ca2þ transients are initi-
ated by ICaL at the cell periphery followed by wave-like
propagation between nondyadic RyRs into the cell interior.
In agreement with our observations, Thul et al. (24) recently
reported that such propagation is enhanced by b-adrenergic
stimulation, as increased SR content augments both the
magnitude of Ca2þ release and RyR Ca2þ sensitivity. Simi-
larly, Brette et al. (43) showed that b-adrenergic stimulation
synchronizes Ca2þ release in detubulated ventricular cells.
The regulation of Ca2þ wave speed is also of interest for
pathophysiology, because propagation velocity may theoret-
ically control the magnitude and/or kinetics of pro-
arrhythmic delayed afterdepolarizations.Modeling synchrony of Ca2D release
Numerous mathematical models describing the spatiotem-
poral Ca2þ dynamics in cardiomyocytes and release from
multiple, spatially discrete sites can be found in the litera-
ture. The vast majority of these modeling efforts have
focused on saltatory Ca2þ wave propagation and deter-
mining how wave speed relates to various biophysical
characteristics by applying nonlinear and multiscale mathe-
matical models that are computationally demanding to solve
(44,45). Some, however, like the model of this article, are
analytically solvable, thereby evading the need for computa-
tionally costly simulations (24,46–48). Our mathematical
model, though capable of describing saltatory wave propa-
gation, is, to the authors’ knowledge, the first spatiotemporalmodel to quantitatively examine the relationship between
t-tubule organization and Ca2þ release synchrony.
With a few exceptions, e.g., models that include the SR
Ca2þ signal as a variable to describe sensitization of RyR
by [Ca2þ]SR (25), most models of spatiotemporal Ca
2þ dy-
namics in cardiomyocytes are univariable. In most of our
simulations, the SR Ca2þ signal induced by release from
neighboring sites affected the quantities of SR Ca2þ release
to such a minor extent that, to a good approximation, it
could have been neglected. This is reflected in the very
good agreement between the theoretical DI and the DI
computed based on simulation, where the expression for
the former was derived assuming that the release quantity
is constant and independent of the SR Ca2þ signal. Howev-
er, in the modeling of the caffeine experiment, the SR Ca2þ
signal clearly had to be included to describe how the release
quantity is reduced with declining SR Ca2þ.
Due to its low complexity, the model may describe the
real world inaccurately under certain conditions. Neverthe-
less, the model enables us to separately assess the relative
significance of t-tubule organization, RyR sensitivity, and
SERCA function for release synchrony. Thus, testable pre-
dictions are provided, such as the finding that increased
RyR sensitivity in failing and SERCA KO cells is crucial
for limiting Ca2þ release dyssynchrony. Further validation
of the model will require inclusion of experimental data
from other research groups, with focus on structure-function
relationships in both healthy and diseased cardiomyocytes.
Although the simulation of experimental data did not
include Ca2þ influx as a trigger of Ca2þ release, the effects
of ICaL were examined in a subset of simulations (see
Fig. S3). In these simulations, a small local rise in Ca2þ con-
centration was introduced in the proximity of RyRs. We
observed that increasing the L-type channel to RyR distance
increased dyssynchrony, and that RyRs were effectively
orphaned when the dyadic cleft distance was increased
beyond 50 nm. This finding suggests that marked changes
in t-tubule structure and Ca2þ channel distribution are not
required to desynchronize Ca2þ release. Instead it appears
that more subtle t-tubule drift can make RyR opening
dependent on Ca2þ release and diffusion from neighboring
RyRs rather than ICaL. Because even minor drift of t-tubules
has quite marked effects on FFTs, we would expect that
such effects are accounted for in our modeling of SHAM
and CHF cardiomyocytes. However, it would be interesting
in future work to include detailed modeling of Ca2þ channel
function, as alterations in channel properties are known to
occur in heart failure. For example, it is reported that
Ca2þ channel number is reduced in failing myocytes (42)
whereas the single-channel activity is increased (49). It
would also be interesting to expand previous models of a
single dyad, where the number of LCCs and RyRs present
can be altered (39), to the whole cell level. Other interesting
issues that can be addressed applying slightly modified ver-
sions of this model framework include generalization of theBiophysical Journal 104(8) 1685–1697
1696 Øyehaug et al.model to higher dimensions, the putative effect of determin-
istic or stochastic drift in release site localization (i.e.,
nonconstant release site separation) on overall synchrony
of release, and the effect of allowing stochastic variation
in the quantity of Ca2þ release.CONCLUSION
Through a combination of experimental work and mathe-
matical modeling we have examined factors that control
synchrony of Ca2þ release in a quantitative manner. Our
results show that synchrony is controlled by t-tubule organi-
zation, as well as interplay between RyR Ca2þ sensitivity
and the magnitude of SR Ca2þ content and release.SUPPORTING MATERIAL
Equations, one table, and nine figures are available at http://www.biophysj.
org/biophysj/supplemental/S0006-3495(13)00332-9.
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